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Introduction
When the Wright brothers made their first flight in 1903, tires were not part of the design. The first wheeled landing-gear flight was made in Europe in October 1906 by Santos-Dumont's "No. 14 bis" aircraft (ref. 1). Since then the bias-ply aircraft tire has gone through many changes which have enhanced its performance. Thus, there has been little desire in the aircraft landing-gear industry to change from the bias-ply tire to the newer radial-belted tire. For more than 30 years (Europe in the 1960's and the United States in the 1970's), the automotive industry has found that radial-belted tires heighten vehicle performance and offer many advantages over the traditional bias-ply tire (ref. 2) . Despite the benefits of radial-belted automotive tires (longer tread life, cooler operating temperatures, and improved friction characteristics), the general belief in the aircraft landing-gear industry, until 1980, was that the mechanical properties of these radial-belted tires were unacceptable for aircraft use. For example, landing-gear designers had several concerns about radial tires that included the following: (1) lateral forces during crosswind landings might exceed tire-wheel coupling capability, (2) tire fore-and-aft stiffness properties might degrade the performance characteristics of aircraft antiskid braking systems, and (3) greatly reduced tire vertical stiffness characteristics might adversely affect aircraft landing dynamic response.
Understandably, the aircraft tire industry cautiously approached the production of radial-belted tires. However, the idea that aircraft operating costs could be lowered by increasing tread life, reducing tire weight, and improving safety margins over the current bias-ply aircraft tire were sufficient reasons to continue efforts to achieve a radial-belted aircraft tire. Several tire manufacturers, both in Europe and in the United States, have developed radial-belted aircraft tire designs which appear to overcome many of the previously mentioned concerns and which have been successfully tested on several different aircraft. Today, radial-belted tires have been certified and are being used on commercial aircraft such as the Dassault Aviation Falcon 900, Airbus Industries aircraft, the French ATR 42 transport, and on military aircraft such as the U.S. Air Force F-15E, the French Mirage, and the British Tornado (ref. 3 ).
Abstract
An investigation was conducted at Langley Research Center to determine the quasi-static and dynamic response characteristics of the U.S. Air Force F-4 fighter 30×11. 5-14.5 /26PR bias-ply and radial-belted main gear tires. Tire properties were measured by the application of vertical, lateral, and fore-and-aft loads. Mass moment-of-inertia data were also obtained. The results of the study include quasistatic load-deflection curves, free-vibration time-history plots, energy loss associated with hysteresis, stiffness and damping characteristics, footprint geometry, and inertia properties of each type of tire. The difference between bias-ply and radial-belted tire construction is given, as well as the advantages and disadvantages of each tire design. Three simple damping models representing viscous, structural, and Coulomb friction are presented and compared with the experimental data. The conclusions that are discussed contain a summary of test observations. Results of this study show that radial-belted tire vertical stiffness values are comparable to the bias-ply tire stiffness and that use of this radial-belted tire on aircraft should not affect aircraft landing dynamics. Lateral and fore-and-aft stiffness properties were diminished in the radialbelted tire, thus leading to the possibility of increased tire shimmy and raising the question of compatibility with the existing antiskid braking system for this tire. Lateral and fore-and-aft damping were increased in the free-vibration tests when they were compared with damping from the quasi-static tests, suggesting not only the presence of the assumed structural damping but also the presence of viscous damping. Coulomb friction characteristics were not applicable to the tests that were conducted. Footprint geometrical data suggest that footprint aspect ratio effects may interfere with improved hydroplaning potential that is associated with this radial-belted tire that is operated at a higher inflation pressure than the bias-ply tire. Moment-ofinertia values were lower for the radial-belted tire than for its bias-ply counterpart; the lower values indicate that less energy is needed during spin-up operations and should result in less tread wear for this radial-belted tire.
In order to analyze tire mechanical properties associated with aircraft takeoff, landing, and taxi operations, tire and landing-gear designers must have accurate, up-to-date tire data available. Still used extensively, NASA Technical Report R-64 by Smiley and Horne (ref. 4) summarizes the state of knowledge of the mechanical characteristics of aircraft tires as they existed over 30 years ago. Because this report deals exclusively with bias-ply tires, a need exists for a similar database of radial-belted aircraft tire mechanical properties for use in the prediction of landing-gear response characteristics for modern aircraft.
This research effort was initiated to study the mechanical properties of radial-belted and bias-ply 30×11.5-14.5/26PR aircraft tires (the main gear tire on the U.S. Air Force F-4 fighter) under a variety of test conditions and to develop a radial-belted tire properties database. In this investigation, the bias-ply tire was tested at the rated inflation pressure of 245 psi, and the radialbelted tire was tested at 310 psi. These inflation pressures correspond to a 35-percent tire vertical deflection at the rated vertical load of 25 000 lb. Both tires have a 26-ply rating. The two tire types used in this investigation are shown, uninflated and unmounted, in figure 1, and their principal characteristics are given in table 1. All tires were furnished by the U.S. Air Force and were procured from different tire manufacturers. Prior to testing by the National Aeronautics and Space Administration (NASA), all tires were preconditioned at the Wright Research Development Center, Dayton, Ohio with 2 miles of taxi tests at 26 knots at rated load and inflation pressure.
The objectives of the work presented here are (a) to determine, to evaluate, and to compare certain quasistatic and dynamic response characteristics of the 30×11.5-14.5/26PR aircraft main gear tire of a bias-ply and a radial-belted design; (b) to use these properties to help define tire performance during taxi, takeoff, and landing operations; and (c) to define the suitability of the radial-belted tire as a replacement for the bias-ply aircraft tire. To accomplish these objectives, vertical, lateral, fore-and-aft, and inertial tire properties were determined, as well as the type of damping that was present during static and dynamic testing. The study involved the following tasks:
1. Measurement of vertical, lateral, and fore-and-aft load deflection, stiffness and hysteretic properties of each tire type 2. Measurement of tire footprint geometrical and inertial properties 3. Definition of viscous, structural, and Coulomb friction damping models 4. Application of these simple damping models to the two tire designs tested
Comparison and analysis of experimental test results

Review of Previous Pertinent Work
From the simple horsedrawn cart to the high-speed transport aircraft of today, wheels and tires have become an essential part of our transportation system. As a result, landing-gear designers and engineers have been optimizing methods of defining tire mechanical properties and solving such problems as landing-gear vibration, tire wear, and tire heating. A major contribution to the landing-gear industry, which set the standard for analytically defining tire properties, was a publication by Smiley and Horne (ref. 4) on mechanical properties of pneumatic tires. The database for NASA Report R-64, however, was various sizes of bias-ply pneumatic tires only.
Tanner (ref. 5) did early testing with radial-belted aircraft tires in 1974 in which he defined tire fore-and-aft elastic characteristics and noted lower tread wear and heat dissipation for the radial-belted tire compared with bias-ply and bias-belted tires. He also concluded that the lower fore-and-aft stiffness properties of the radial-belted tire, compared with the bias-ply tire, could have an impact on aircraft antiskid system performance. Tire manufacturers published some of their findings on radialbelted tire characteristics in the 1980's. The data presented were limited but invaluable to tire designers and engineers (refs. 6-8) . Both NASA and the U.S. Air Force have taken the lead in quasi-static and dynamic testing of radial-belted aircraft tires. References 5-20 compare the properties of radial-belted and bias-ply aircraft tires. These publications have helped aircraft tire manufacturers optimize the radial-belted design.
In addition to defining tire mechanical properties, there has been interest in the damping characteristics of aircraft tires, especially radial-belted tires. Shimmy is a problem for aircraft landing gear just as it is for the front end of automobiles. Shimmy, defined as the self-excited oscillation of wheels about their axis, was evaluated early in aviation history for aircraft nose gear by Von Schlippe and Dietrich (refs. 21 and 22) and later by Moreland (ref. 23) , de Carbon (ref. 24) , and Collins and Black (refs. 25 and 26) . Although these theories do require certain tire properties such as static lateral stiffness and the viscous damping factor to be initially determined, none completely addresses the issue of tire damping and its contributions to landing-gear shimmy behavior. Many works have been published that address structural (hysteretic) and viscous damping (refs. 4, 11-13, 19, and 27-34) , but few tire analysts have used these developed models to define precisely the damping mechanism in the tire-wheel assembly under both quasistatic and dynamic test conditions.
Construction of Bias-Ply and Radial-Belted Aircraft Tires
The aircraft tire is a mechanical system that has three primary functions: (1) to provide lateral stability to the aircraft by the generation of lateral forces while under deformation, (2) to act as a mechanical buffer and shock absorber while under load and in contact with the ground, and (3) to provide a mechanism for braking to reduce ground speed (ref. 35 ).
The generation of lateral forces is an important function of the aircraft tire. As an airplane approaches a runway, it is supported laterally in the air and can approach at an angle in a crosswind. Airplane aerodynamics continue to provide lateral support to the aircraft at touchdown where a minimum lateral tire force is required. The maximum lateral force from the tires is required as the aircraft slows down during rollout and during taxi operations. Thus, aircraft tire manufacturers had to design a radial-belted tire that would not generate lateral forces that were too high during touchdown, which, in turn, could cause lateral instability that would transmit high loads to the landing gear (ref. 7) .
While acting as a buffer and shock absorber for the aircraft during the landing impact, the tire must also be able to carry extremely heavy loads at high speeds. A race car tire may require this speed capability, but compared with an aircraft tire, a race car tire is lightly loaded. In contrast, military and commercial aircraft operate at high speeds but can be loaded up to 50 000 lb per tire.
During braking the tire must be able to reduce ground speed while surviving within and resisting environmental factors to decelerate the aircraft (ref. 8) . Environmental factors influenced by weather are snow, ice, and rain; factors that result from runway conditions are bumps, potholes, and foreign objects.
The following sections describe the design of the bias-ply and radial-belted aircraft tires, examine the differences between the two tire types, and highlight the unique radial-belted design.
Bias-Ply Aircraft Tires
The bias-ply tire is constructed of numerous laminates of rubber-textile plies that alternate at various angles from 60° near the wire beads to 30° near the crown area of the tire ( fig. 2 ). Additional plies are laid at some specified angle between the tire carcass and the tread to provide tread reinforcement. Multiple bead wires on each side of the tire hold together the large number of plies and form a torus-like shell. The highly stiffened shell and the weight of the tire are a result of the ply assembly and the multiple-ply casing. At the bead heel, chaffer strips are added for additional protection. Because of its cross-ply construction, the bias-ply tire has greater interply friction than its radial-belted tire counterpart, which leads to significant structural stresses during tire flexing. These stresses result in severe heat buildup in the tire casing and tread rubber during ground operations. This heat buildup can be limited by adding reinforcing plies, but at the expense of additional weight. The size of the bias-ply tire required for an aircraft application is determined by both the load-carrying requirements and the acceptable tire pressure (ref. 7) .
Radial-Belted Aircraft Tires
The radial-belted aircraft tire has carcass plies approximately oriented in the plane of the tire cross section ( fig. 3 ). Its size and load-carrying requirements determine the number of plies in the tire. Fewer plies of higher denier textile cords result in a weight and volume savings over the comparable bias-ply tire. The weight and volume savings result in an increase in payload for commercial aircraft and an increase in armament for military aircraft. For the radial-belted tire tested in this research effort, there was a 20-percent weight savings over the bias-ply tire. Generally, only one steel-bead wire is needed on each side of the tire, as opposed to multiple bead wires in the bias-ply tire. For the radial-belted tires used in this investigation, a textile cord belt surrounds the casing of the tire circumferentially, and a woven steel belt surrounds the cord belt and acts as a protector ply. The separation of the casing and belt package contributes to the uniqueness of the radial-belted tire. When the casing flexes under load, the tread is stabilized by the belt package, and there is less tire scrubbing (lateral sliding of the tire on the pavement). Shear stresses in the rubber matrix are minimized, and loads are efficiently distributed throughout the tire structure. There is less interply friction and thus less heat buildup during ground operations. Therefore, the radial-belted tire can have a layer of unreinforced wear rubber (no reinforcing plies) beneath the tread. This design reduces the tendency of the tire to chunk and increases its wear resistance. ( 
Test Apparatus and Procedures
Quasi-static pure vertical-loading tests, combined vertical-lateral loading tests, and combined vertical foreand-aft loading tests were conducted to measure tire load-deflection properties, spring-rate values, damping factors, and energy loss associated with hysteresis. Footprint geometrical properties for the two tire designs were also measured. Free-vibration tests of combined vertical-lateral and vertical fore-and-aft tests were completed to measure tire stiffness values, damping characteristics, and energy loss associated with damped harmonic motion. Finally, moment-of-inertia tests were obtained for each tire type.
The bias-ply tire was tested at an inflation pressure of 245 psi, and the radial-belted tire was tested at an inflation pressure of 310 psi. The inflation pressures correspond to a 35-percent tire vertical deflection at the rated vertical load of 25 000 lb. An inflation pressure of 245 psi for the radial-belted tire yielded a 52-percent tire deflection. Although it is preferable to compare tires at the same inflation pressure, it was more important that they be tested at the same percent tire deflection because this percentage is a major requirement for tire mixability on landing gear. An increase in tire deflection can cause tire overheating. Tests were conducted on the radialbelted tire at the lower inflation pressure of 245 psi, and the results indicate greatly reduced quasi-static and dynamic mechanical properties. References 11 and 20 contain further information and data on these tests at the lower inflation pressure of 245 psi for this radial-belted tire design. The following sections describe the test apparatus and procedures used to obtain the desired tire properties.
Test Apparatus No. 1
The test apparatus used to measure the tire vertical mechanical properties under quasi-static loading conditions is shown in figure 4 . The tire wheel-axle assembly is mounted on a dynamometer that is instrumented with five strain-gauge beams. Two beams are used for measuring vertical load and two are used for fore-and-aft load; one beam is used for measuring lateral load. The test fixture has one hydraulic cylinder which applies vertical load to the dynamometer and loads the tire onto the surface of a 40-in-square frictionless table or bearing plate. The table is instrumented with three load cells mounted underneath to measure the applied vertical load. Each load cell has a span of 0 to 50 000 lb with a loading accuracy of lb. A displacement transducer is mounted parallel to the hydraulic cylinder to measure tire vertical displacements. The displacement transducer has a span of 0 to 5.5 in. with a measuring accuracy of ±0.02 in.
For the quasi-static pure vertical-load tests, load was applied hydraulically to the tire until the maximum rated vertical load of 25 000 lb was reached; the applied load was then gradually reduced to zero. Output data from the various instruments were recorded by a computer in 1000-lb increments for these tests. Measurements were taken at four different peripheral positions around each tire. Vertical load and deflection were continuously mon-itored during the loading and unloading cycle to produce a load-deflection curve or hysteresis loop. Such data provided an indication of tire vertical-loading behavior and defined the vertical spring rate and energy loss characteristics. Subsequent to the tests, the data were converted into engineering units and saved for further analysis and evaluation.
Test Apparatus No. 2
A second test apparatus used for quasi-static and free-vibration lateral and fore-and-aft load tests is shown schematically in figure 5 . It consists of a main structure with two three-bay portal frames joined overhead by four beams and along the floor by a thick plate. The tirewheel assembly is mounted between two aluminum adapter plates which are each fixed to a vertical beam suspended from the upper part of the structure. The adapter plates prevent axial rotation of the wheel and support the tire-wheel assembly. A steel platen 26-in. square and 6-in. thick, suspended from four 0.5-indiameter vertical cables 6.5-ft long is used to apply the vertical load to the tire. Each cable is suspended from a load cell (with a span of 0 to 50 000 lb and a loading accuracy of lb) connected to a screw jack that is mechanically driven by an electric motor. The four cables move simultaneously and displace the platen in the vertical direction to load or unload the tire. A gritty film is applied to the platen surface to reduce tire footprint slippage. A two-degree-of-freedom analysis of the platen motion that confirms that the cable-suspended system has no significant coupling between the pitching and translating motions is given in reference 30.
Quasi-static lateral loading and quasi-static fore-andaft loading of the tire were attained by displacing the platen in the lateral or fore-and-aft direction by means of a hydraulic cylinder after a vertical load was applied. Lateral (side) forces were measured by a load cell (with a span of 0 to 50 000 lb and a loading accuracy of ±30 lb) connected in series with the hydraulic cylinder. A similar instrumentation configuration was used to measure foreand-aft (braking) forces and is shown in figure 6 . Vertical, lateral, and fore-and-aft displacements of the platen were measured by displacement transducers (with a span of 0 to 5.5 in. and a measurement accuracy of ±0.02 in.). Platen displacements were considered to be equal to tire footprint displacements. Axial rotational movements between the wheel and the adapter plates were measured with a direct current displacement transducer (DCDT). An extensiometer fabricated from a 3-in. copper beryllium strain-gauge arch capable of measuring small displacements was used to measure tire-wheel slippage, which sometimes occurred during testing of the radialbelted tire. This tire-wheel slippage may be caused by the difference between the radial-belted and bias-ply tire 30 ± 30 ± bead zone, which along with lower structural stiffness characteristics of the radial-belted tire, could induce different contact pressures and stress fields in the wheel (ref. 36 ).
For the quasi-static combined vertical-lateral and combined vertical fore-and-aft tests, vertical load was applied to the tire and maintained at the tire-rated load of 25 000 lb. A side load was gradually applied up to the maximum load of 3000 lb and then reduced to zero. This side force was restricted to a level at which no tire footprint slippage was discernible and which corresponded to 12 percent of the vertical load. This loading process was repeated in the opposite direction and resulted in four cycles that formed a hysteresis loop. The data acquisition system was manually triggered at side-load increments of 250 lb. Data from the various sensors were fed into a computer and afterwards saved for further reduction and analysis. Similar loading and data reduction procedures were used for the combined vertical fore-and-aft tests.
For the free-vibration tests, a quick-release mechanism in series with a hydraulic cylinder is connected to the platen by a 0.24-in-diameter steel cable. This hydraulic cylinder is used to apply a lateral or fore-and-aft load to the tire and then the load is released, causing the tire wheel-platen assembly to vibrate. A displacement transducer is used to determine lateral and fore-and-aft footprint deflections, and a 25g accelerometer is used to measure tire-platen accelerations. Figure 7 shows this test fixture in the fore-and-aft free-vibration test configuration.
Dynamic tire characteristics were obtained from simple, single degree-of-freedom free-vibration tests. These tests were conducted through a vertical load range of 5000 to 25000 lb in 5000-lb increments. The specified vertical load was applied and then a side or braking force was applied up to 3000 lb. A quick-release mechanism was activated, causing the tire wheel-platen assembly to freely vibrate. The instrumentation output data were recorded by a computer that was manually triggered just prior to the activation of the quick-release mechanism. The data were saved for further reduction and analysis.
Test apparatus no. 2 was also used to obtain tire footprint geometrical properties for each tire design. The footprints were obtained from static vertical loads ranging from 5000 to 25 000 lb in 5000-lb increments. The process to obtain the footprints involved coating the tire tread with ink or chalk and applying the desired vertical load to the tire on a cardboard sheet located between the tire and the platen. Geometrical properties were obtained with a computerized planimeter from the resulting footprint silhouettes.
Test Apparatus No. 3
Mass moment-of-inertia properties of the tires tested were measured by using the torsional pendulum shown in figure 8 . The torsional pendulum used for these tests consists of two 24-in-diameter circular plates bolted together and suspended in parallel by three equally tensioned, 17-ft wire cables that are attached to an overhead support. An index in 5° increments up to ±20° is scribed on the plate. A pointer is aligned with the index at 0° as a reference mark.
The tare moment of inertia of the two plates was initially determined by rotating the plate assembly through a predetermined angle and releasing it. The plate assembly was rotated 3 times at approximately 10°, 7.5°, 5°, and 2.5° for 20 oscillations each, and the time was recorded with a standard stopwatch. Similar tests were conducted with the inflated tire, with the wheel assembly, and with the rotors suspended between the plates. The weights of the plates and the tire-wheel assembly were recorded.
Damping Models
To optimize the performance of landing gear, designers and engineers must analyze all landing-gear parts that play key roles. The tires are one key element. Understanding the dynamic behavior of aircraft tires is important for the optimum design and operation of the aircraft and its landing gear. Antiskid braking systems are affected by the tire's elastic responses; cross-wind landings are affected by the tire's lateral dynamic behavior; shimmy is influenced by the tire's torsional behavior. Analysis of the damping properties and how different types of damping can influence tire performance is important in correcting these potential problems.
This section reviews three simple damping models: viscous, structural, and Coulomb friction. These models were chosen because of their simplicity and because a global view of damping was desired. The models only provide some insight into the damping mechanisms that might be present during quasi-static and dynamic tire testing and are not presented as accurate models for characterizing aircraft tire damping. (See refs. 30 and 37-40.)
Viscous Damping
In the study of vibrations, the viscous damper (dashpot) is the most common type of energy-dissipating element and is defined as a resistive force exerted on a body moving in a viscous fluid. An example of a viscous damper in aircraft is the landing-gear shock absorber.
In developing the viscous damping equations, it was assumed that the tire is represented by a linear elastic spring in parallel with a damping element to obtain an approximation of its damping behavior. To more realistically represent the tire, a viscoelastic model should be used with an additional spring placed in series with the damper. However, this model is less attractive analytically since the in-series spring and damper elements have frequency-dependent parameters (ref. 34 ).
The viscous damping factor ζ, which is the ratio of the actual damping present in the system to the critical damping constant for the system, is given by (1) The tire wheel-platen system was of the damped free-vibration type in which energy was dissipated from the system. In this study, the response of the freevibration system was assumed to be underdamped so that 0 < ζ < 1 and c < 2mω n :
(2)
Equation (2) can be interpreted as oscillatory motion with constant frequency ω d and phase angle φ but with exponentially decaying amplitude as seen in figure 9 .
The rate at which the maximum amplitude decays is expressed in terms of the natural log of an amplitude ratio that is known as the log decrement denoted by δ:
(3) (4) (5) Table 2 gives a summary of the viscous damping parameters.
Structural Damping
Solid materials exhibit structural or hysteretic damping. This type of damping is caused by internal friction in the material as internal planes slip or slide during deformation and is commonly seen as a hysteresis loop in which a phase lag between force and deflection exists. The area enclosed in the hysteresis loop represents the energy loss per loading cycle and can be written as (6) Although structural damping is the most common type of damping, in free-vibration studies structural damping becomes indistinguishable from viscous damping and is difficult to treat analytically since it is defined in terms of energy loss and a nonlinear function of displacement. It is more convenient to express structural damping in terms of an equivalent viscous damping factor.
For the free-vibration case, the damping force is defined by the damping constant and the first derivative of displacement: (7) Substituting F from equation (7) into equation (6) yields
Systems possessing structural damping that are subjected to harmonic excitation may be treated as if they were subjected to equivalent viscous damping: (11) The energy dissipated per cycle for structural damping is independent of the frequency and proportional to the stiffness of the material and the square of the displacement amplitude. Substituting C eq from equation (11) for c in equation (10) yields (12) Then β can be determined by using the log decrement method for a free-vibration system as was done in the viscous damping case. The energy equation for the half cycle between t 1 and t 2 is
The energy loss in a half-cycle is assumed to be proportional to that of a full cycle. Simplifying equation (15) yields (16) Looking at the next half-cycle,
Combining equations (16) and (17) gives a ratio of two successive amplitudes: (18) where β is very small for most materials and thus can be written as (19) The log decrement is thus (20) 
In the case of a quasi-static test, structural damping can be mathematically written in terms of the viscous damping factor ζ by the complex stiffness equation (22) where F external force on system ζ viscous damping factor k total spring rate x complex displacement
The complex sinusoidal force is given by the following:
where F 0 initial applied-force magnitude ω circular forcing frequency Substituting F from equation (22) into equation (23) yields (24) Simplifying equation (24) and solving for x,
Converting (1 -i2ζ) to polar notation by using figure 10 and the following relationship of θ to ζ
yields, for small angles,
Substituting θ from equation (28) and r from equation (30) into equation (29),
Substituting (1 − i2ζ) from equation (31) into equation (26) yields
A plot of displacement with respect to applied force yields a hysteresis loop whose width increases with ζ. The relationship of the width of the hysteresis loop to the damping factor can be derived by using the real part of the complex applied force F and displacement x:
Substituting e iωt from equation (33) into equation (23) gives
Substituting e i(ωt − 2ζ) from equation (34) into equation (32) yields (36) For x = 0, cos(ωt − 2ζ) = 0. Therefore,
From equation (35) the applied force at zero displacement can be defined for small damping by the following: (38) For small angles,
and (40) Equation (40) represents structural damping in terms of viscous damping, and the static damping factor is a function of the load values at zero displacement and at maximum displacement (depicted graphically in figure 11 ). Table 3 presents the structural damping parameters.
Coulomb Friction
Coulomb (dry friction) damping occurs when bodies slide on dry surfaces. Motion begins when there is a force acting upon the body that overcomes the friction that resists this motion. This dry friction force is parallel to the surface and proportional to the normal force to the surface:
The decay is linear with time ( fig. 12 ), and the motion stops when the displacement is not sufficient for the spring's restoring force to overcome static friction. Decay occurs at the end of the half cycle when the amplitude is smaller than 2f d :
Repeating for the next half-cycle,
For the static test case, the determination of the Coulomb friction parameters is shown in figure 13 , where the damping force is defined as 
Data Reduction and Analysis
Basic data reduction techniques used in this investigation that enabled the comparison and analysis of static and dynamic (free-vibration) data are presented in the following sections.
Spring Rate
Spring-rate (stiffness) values give an indication of the types of vertical perturbations, elastic responses, and lateral stability characteristics of an aircraft tire. Springrate values for each tire design were computed from experimental data for both the quasi-static and freevibration lateral and the fore-and-aft load tests, as well as for the quasi-static vertical-load tests.
Quasi-static tests. The quasi-static vertical, lateral, and fore-and-aft spring rates were determined by measuring the slope at specific points of load application and initial load relief that are defined by the vertical, lateral, and fore-and-aft load-deflection curves. The upper limit of the initial load-relief curve was not considered because of the uncertain value of the turnaround point as a result of the mechanical system limitation. The following steps were used for calculating the slopes of the load application and initial load-relief curves. The slopes are represented by the solid lines that are tangent to the curves, as shown in figure 14.
1.
A second-degree polynomial curve fit was chosen for each loading cycle, and a third-degree polynomial curve fit was chosen for each unloading cycle of the hysteresis loop.
2. The start and end points for calculating the slope on the loading and unloading curves were selected by using a computerized digitizer.
3. The slope was calculated at discrete points along the loading or unloading curve within the bounds of the selected start and stop points.
The method described previously is normally used to obtain the tire spring rate from a quasi-static loaddeflection curve. However, in order to compare the quasi-static and dynamic spring-rate values for the lateral and fore-and-aft tests, a technique that considers the effect of cable interaction was used. The slope of the quasi-static force-displacement hysteresis-loop axis (the dashed line connecting the loop extremes, as shown in fig. 14 
Damping Factor
Damping factors were determined for both the quasistatic and dynamic lateral tests and also for the fore-andaft tests that were conducted. These damping factors gave a first approximation of the damping type in the system and whether one tire type exhibited more damping than the other.
In this investigation, viscous and structural damping were determined based on system response characteristics. Coulomb friction, however, was not applicable to the system because the limited loads achieved in the lateral and fore-and-aft directions did not allow for largescale (measurable) tire footprint slippage. If these tests were repeated at higher lateral and fore-and-aft loads, Coulomb friction might occur.
Quasi-static tests.
For the quasi-static tests, the structural damping factor written in terms of the viscous damping factor ζ is determined from the lateral and foreand-aft load values at zero and maximum tire deflections ( fig. 11 ).
where F x=0 load at zero deflection F max load at maximum deflection Dynamic tests. For the dynamic tests, the viscous damping factor ζ is determined from the logarithmic
decrement of the decaying displacement amplitude of a displacement time-history plot (55) However, in these tests it was difficult to determine the logarithmic decrement directly from the time-history plots because of the drifting equilibrium level (X-axis). A more accurate viscous damping factor can be determined by computing a double amplitude from the difference between the spline-fitted displacement envelope that passes through the displacement extremes, as shown in figure 9 . The logarithmic decrement δ and viscous damping factor ζ can then be expressed as follows:
In the free-vibration case, the structural damping factor β can be written in terms of the viscous damping factor ζ.
(58)
Energy Loss
The energy loss associated with hysteresis is another indicator of structural damping. For the quasi-static loaddeflection curves, the energy loss is typically determined by the area enclosed in the hysteresis loop. To have a more precise comparison between the quasi-static and dynamic tests, the energy loss per cycle is computed as a function of the structural damping factor, the tire spring rate, and the maximum displacement amplitude for both test conditions (59) where β structural damping factor = 2ζ k t tire spring rate, lb/in. X maximum displacement amplitude, in.
Footprint Geometry
Footprint geometrical properties were determined from the net footprint area that was calculated from the following equation:
where A gross area of entire footprint, in 2 A grooves area of tread grooves, in 2
Moment of Inertia
The mass moment of inertia for each tire design and the tare inertia for the two pendulum plates were calculated using the following equation:
where J mass moment of inertia, in-lb-sec 2 τ average period of system oscillation, sec W weight of object being measured, lb R radial distance from center of plate to support cables, in. L length of support cables, 17 ft The mass moment of inertia of the tire and rotating parts was calculated using the following equation:
(62)
Results and Discussions
Several characteristics of the radial-belted tire have delayed its acceptance into the aircraft industry. The key to its gaining acceptance lies in understanding the differences between bias-ply and radial-belted tires. The following sections review the results of the vertical, the combined vertical-lateral, and the combined vertical fore-and-aft tests and make observations of the similarities and differences between the F-4 radial-belted aircraft tire and its bias-ply counterpart.
Quasi-Static Pure Vertical Load Tests
Quasi-static (nonrolling) vertical load tests were completed with a bias-ply and a radial-belted F-4 aircraft tire. Results of these tests are presented in the form of vertical load-deflection curves, vertical spring rate, and energy loss associated with hysteresis.
Load deflection.
As each tire came into contact with the frictionless table, vertical load was applied until the desired load of 25 000 lb was reached. The applied load was then reduced to zero. The resulting load-deflection curve, or hysteresis loop, is indicative of tire verticalloading behavior and provides information which defines the tire vertical spring rate and energy loss. Four loaddeflection curves were generated for each tire at four different tire peripheral positions. Figure 15 shows typical vertical load-deflection curves for the bias-ply and radial-belted tires: the lower bound of tire vertical stiffness is represented by the loadapplication curve, and the upper bound of tire vertical stiffness is represented by the initial load-relief curve. For the bias-ply tire, the data show that the vertical deflection is nonlinear at the initial load application but that it is linear over the remaining load-application range to the maximum load of 25000 lb. Analogous loaddeflection characteristics apply to the load relief range.
The loading-unloading process shows some hysteresis as a result of energy loss during this process. The maximum tire vertical displacement is 2.48 in.
For the radial-belted tire, the load deflection is nonlinear during the entire load application and the load relief cycles. The maximum tire vertical displacement is 2.53 in., which is 2 percent higher than that of the biasply tire.
The vertical load-deflection characteristics of radialbelted and bias-ply tires are of interest to strut designers. In general, the load-deflection characteristics are similar for the two tire designs tested and suggest that there should be no impact on strut valving and on the loads transmitted to the airframe for aircraft equipped with this radial-belted tire (ref. 6) .
Spring rate. In order to cover the range of stiffness values that the tire would experience as a result of vertical perturbations during aircraft taxi, takeoff, and landing maneuvers, vertical stiffness data are presented in terms of tire spring rate ( fig. 16 ). The lower bound of tire vertical stiffness for the bias-ply tire is represented by the load-application curve denoted by the square symbols, and the upper bound of vertical stiffness is represented by the load-relief curve denoted by the triangular symbols. Vertical spring-rate values were obtained by measuring the instantaneous slope along the vertical loaddeflection curve. A regression analysis technique was used to fit a curve through the spring-rate data. At initial load application, the spring rate of the bias-ply tire increases linearly from 7121 lb/in. to 11 515 lb/in. and remains constant at this higher value for the remainder of the load application process. A maximum spring rate of 14 432 lb/in. is observed at load relief, which becomes nonlinear as the load decreases to 11 515 lb/in. Vertical spring-rate values for the radial-belted tire are also shown in figure 16 ; the lower bound of tire vertical stiffness is represented by the load-application curve denoted by the diamond symbols, and the upper bound of vertical stiffness is represented by the load-relief curve denoted by the circular symbols. During load application, the tire spring rate is nonlinear and increases from 7170 lb/in. to 12 340 lb/in. The maximum spring rate for the radial-belted tire is 14 113 lb/in. at initial load relief and continues to decrease nonlinearly.
In figure 16 , it can be observed that the vertical stiffness characteristics of the bias-ply and radial-belted tires are similar. One implication of this similarity is that the landing dynamics characteristics of an aircraft equipped with this radial-belted tire would be similar to an aircraft equipped with standard bias-ply tires.
Energy loss. Energy loss associated with hysteresis during the loading and unloading period is represented by the enclosed area of the load-deflection curve ( fig. 15 ) and was measured using a computerized planimeter. This hysteresis loop arises largely as a consequence of the structural or hysteretic damping forces that oppose the tire deformation. The average energy loss is 2819 in-lb for the bias-ply tire and 2547 in-lb for the radial-belted tire under vertical-loading conditions. The lower energy loss for the radial-belted tire suggests that there is less heat generated in the radial-belted tire during tire cyclic deformation; therefore, it should be a cooler operating tire. This suggested heat reduction may be a result of the tire construction, which produces lower internal shear stress and thus energy loss. The heat reduction could lead to improved tire durability and allow for shorter aircraft turnaround times (ref. 8 ).
Quasi-Static Combined Vertical-Lateral Load Tests
Quasi-static combined vertical-lateral load tests were conducted to determine the stiffness and damping characteristics of the two tire designs tested. These results are represented by load-deflection curves and spring-rate curves that are analyzed in the following sections.
Load deflection. An initial vertical load of 25 000 lb was applied to the tire, which was then subjected to a load of 3000 lb perpendicular to the wheel plane. Five individual curves (load application and load relief) were generated to obtain a complete hysteresis loop. Lateral (side) force and tire footprint displacement data were recorded at 250-lb side-load increments. Four loaddeflection curves (hysteresis loops), each one corresponding to a different location 90° around the periphery of the tire, were developed. Typical load-deflection curves for the bias-ply and the radial-belted tires are shown in figure 17 . Based on observed nonlinear trends, a second degree polynomial was chosen to curve fit the data points obtained during load application, and a third degree polynomial was chosen for the load relief data. figure 17 represent load-deflection characteristics of the bias-ply and radial-belted tires and demonstrate the hysteretic nature of the loading and unloading cycles. A maximum deflection of 0.38 in. was obtained for the bias-ply tire under a 3000-lb side force. Under combined vertical-lateral loading conditions, the bias-ply tire exhibits linear characteristics during the entire load application cycle and nonlinear characteristics during initial load relief.
Results shown in
Similar lateral load-deflection characteristics were obtained for the radial-belted tire for both the loading and unloading cycles. The maximum lateral displacement was 0.52, which is a 37-percent increase in tire footprint displacement compared with its bias-ply tire counterpart. This increase in footprint displacement is a consequence of the radial-belted tire construction.
Spring rate. Lateral spring-rate values were obtained by evaluating the instantaneous slope along the loading and unloading curves. Lateral spring-rate values are plotted as a function of lateral displacements for all four peripheral tire positions for both the bias-ply and the radial-belted designs ( fig. 18 ). Bias-ply tire spring-rate values decrease slightly from 7311 lb/in. to 7200 lb/in. during the load application process represented by the square symbols. During the initial load-relief process, spring-rate values, denoted by the triangular symbols, decrease from a maximum value of 10622 lb/in. to 7600 lb/in.
The radial-belted tire has slightly decreasing springrate values (symbolized by diamonds) from 5624 lb/in. to 5602 lb/in. during the load application cycle, as shown in figure 18 . The maximum spring rate (represented by circles) of 8098 lb/in. is noted at initial load relief decreasing to 6098 lb/in. Lateral stiffness characteristics of the tires are directly related to cornering and yaw response and are thus important to shimmy analysis as well as to the landing dynamics in a crosswind landing. The radial-belted tire's stiffness values are on average 24 percent lower than the comparable bias-ply tire. This reduction in lateral stiffness may indicate an increase in the incidence of landing-gear shimmy when this radial-belted tire replaces its bias-ply counterpart. Landing dynamics in a crosswind with this radial-belted tire may be affected as well.
Damping factor. The quasi-static structural damping factors, in terms of viscous damping, are determined from the maximum and minimum lateral load at zero displacement on the load-deflection curve (fig. 17 ). The computed static damping factors are 0.042 and 0.038 for the bias-ply and the radial-belted tires, respectively. The structural damping for the radial-belted tire is within 10 percent of that for the bias-ply tire, indicating that structural damping is similar for the two tires tested under quasi-static lateral loading conditions. Energy loss. The area enclosed in the lateral loaddeflection curves for the bias-ply and radial-belted tires is a measurement of the energy loss as a result of hysteresis ( fig. 17 ). The average energy loss is 289 in-lb for the bias-ply tire and 300 in-lb for the radial-belted tire. The energy loss because of hysteresis during the lateral loading and unloading cycles is similar for the two tires that were tested, and thus the structural damping properties of the tires are similar under the given loading conditions.
Quasi-Static Combined Vertical Fore-and-Aft Load Tests
Quasi-static combined vertical fore-and-aft load tests were conducted to determine the fore-and-aft stiffness and damping characteristics from the resulting loaddeflection curves. Results from these tests are given in the following sections.
Load deflection. Load deflection tests involved applying a maximum vertical load of 25000 lb and a fore-and-aft load of 3000 lb to the tire. Braking force and tire footprint displacement data were recorded at 250-lb load increments. Four load-deflection curves were generated, each one corresponding to a different location 90°a round the periphery of the tire. A second degree polynomial was chosen to curve fit the data points obtained during load application in the fore or aft directions, and a third degree polynomial was chosen for load relief data. Typical plots showing data with curve fits for each tire tested are shown in figure 19 . figure 19 for the bias-ply tire represent fore-and-aft load-deflection characteristics that are corrected for wheel adapter plate slippage and demonstrate the hysteretic nature of the loading and unloading process. A maximum deflection of 0.19 in. was obtained for the bias-ply tire under a 3000-lb fore-and-aft (braking) force. The tire exhibits linear characteristics during the entire load application cycle and nonlinear characteristics during initial load relief.
Results shown in
Similar load-deflection characteristics were obtained for the radial-belted tire that were corrected for tirewheel slippage as well as for wheel adapter plate slippage (ref. 12 ). The radial-belted tire exhibits characteristics similar to the bias-ply tire during both load application and load relief. The maximum fore-and-aft displacement is 0.27 in. This 42-percent difference in tire deflection between the bias-ply and the radial-belted tires can be attributed to the difference in the elastic properties of the tire designs (ref. 5).
Spring rate. Fore-and-aft spring-rate values were obtained by evaluating the instantaneous slope of each loading and unloading interval along the load-deflection curves. Fore-and-aft spring-rate values are plotted as a function of fore-and-aft footprint displacements for both tire designs in figure 20. Bias-ply tire spring-rate values linearly decrease from 15140 lb/in. to 12944 lb/in. during the load-application process and are represented by the square symbols. During initial load relief, spring-rate values (triangular symbols) decrease from a maximum value of 26495 lb/in. to a minimum value of 18131 lb/in.
The radial-belted tire has linear spring-rate trends during load application (diamond symbols) where the spring rate decreases by 1.6 percent from 11343 lb/in. to 11157 lb/in. The maximum spring rate of 15833 lb/in. is at initial load relief and decreases to 12870 lb/in. These values are represented by the circular symbols.
The stiffness values for the radial-belted tire were 14 to 40 percent lower than the stiffness values for the bias-ply tire. The lower fore-and-aft stiffness values of the radial-belted tire may introduce a lag between the braking effort and the ground reaction that could affect the dynamics of antiskid braking systems used with this radial-belted tire but that are "tuned" for bias-ply tires (ref. 5).
Damping factor. Structural damping factors for quasi-static tests were determined from the fore-and-aft maximum and minimum load at zero displacement on the load-deflection curves (fig. 19 ). The computed quasistatic structural damping factors are 0.068 and 0.044 for the bias-ply and the radial-belted tires, respectively. These data indicate that there is 35 percent more damping occurring in the bias-ply tire than in the radial-belted tire during quasi-static fore-and-aft tests.
Energy loss. The static fore-and-aft energy loss associated with hysteresis for the bias-ply and the radialbelted tires is represented by the area enclosed in the fore-and-aft load-deflection curves (fig. 19 ). The average energy loss is 229 in-lb for the bias-ply tire and 169 in-lb for the radial-belted tire, which is 26 percent lower than the bias-ply tire. These results are in agreement with the values determined for the structural damping factor and suggest that the radial-belted tire should operate at lower temperatures than the comparable bias-ply tire. The results also suggest the possibility of less wear for the radial-belted tire during cyclic braking operations.
Free-Vibration Combined Vertical-Lateral Load Tests
Results are presented in this section from the freevibration, combined vertical-lateral load tests for each tire design. Lateral spring rate, damping factor, and energy loss values were obtained from the displacement time-history plots.
Time-history plots. Ten displacement time-history plots and 10 acceleration time-history plots were generated for each tire type tested at two different tire peripheral positions. A specified vertical load was applied to the tire, and then a side load of 3000 lb was applied and released, resulting in the displacement and acceleration response of the platen to a free-vibration test, as shown in figure 21 . Final reference displacement levels are shown along with the displacement and acceleration envelopes. This shift in equilibrium level was attributed to tire creep (ref. 30) . Tests were conducted at vertical loads of 5000 lb up to 25000 lb in 5000-lb increments.
From the bias-ply tire time-history plots for vertical loads of 5000 lb to 25000 lb, the system was underdamped, exponentially decaying, and had a decreasing frequency from 8 to 6 Hz as the vertical load decreased, thus indicating that the period of oscillation is sensitive to changes in vertical load. As shown in figure 21 at 25000-lb vertical load, the maximum bias-ply tire displacement amplitude is 0.32 in. and the maximum acceleration is 2.14g.
The time-history plots for the radial-belted tire at 25 000-lb vertical load are also shown in figure 21 . The maximum tire displacement is 0.37 in. and maximum acceleration is 2.12g. The frequency of oscillation decreases from 8 Hz to 6 Hz as the vertical load decreases from 25000 lb to 5000 lb.
During the lateral free-vibration tests, the bias-ply and radial-belted tire had similar acceleration and frequency characteristics. However, the radial-belted tire footprint deflection, which was attributed to tire construction, was 16 percent greater than that of the bias-ply tire.
Spring rate. The lateral spring-rate values were determined from the frequency of vibration, the weight of the platen, and the frequency parameter for each tire design and are plotted as a function of the vertical load in figure 22 . In general, the spring-rate values increase as vertical load increases for each tire design. Both tires exhibit nonlinear spring-rate characteristics. The biasply tire has higher spring-rate values that range from 5225 lb/in. to 7585 lb/in. for the same vertical loads as the radial-belted tire, whose tire spring-rate values range from 4757 lb/in. to 6676 lb/in. The spring-rate values of the bias-ply tire are 9 to 12 percent higher than those of the radial-belted tire and were expected to be because of the bias-ply tire's stiffer sidewall construction.
Tire lateral stiffness measurements are important properties in the dynamic analysis of aircraft wheel shimmy. The lower stiffness values of the radial-belted tire imply that tire wheel shimmy conditions may exist when this tire is used.
Damping factor. Lateral viscous damping factors were determined from the tire displacement amplitudes of the time-history plots by using the log decrement method. The viscous damping factor, as a function of vertical load for each tire, is shown in figure 23 . As the vertical load increases, the damping factor decreases for both tire designs and thus is sensitive to the vertical load range that is applied during these free-vibration tests. The viscous damping factor values for both tire designs are lowest at 20000 lb of vertical load. The bias-ply tire shows higher viscous damping factor values that range from 0.088 to 0.047; the values of the radial-belted tire range from 0.07 to 0.031. Thus, viscous damping is greater in the bias-ply tire than in the radial-belted tire under these loading conditions.
In order to verify the calculation of the damping factor when the log decrement method is used, a semilog plot of displacement amplitude, as a function of the number of cycles, is shown in figure 24 . The linear characteristics of both tires indicate that the log decrement method yields consistent results for the first four cycles of these tests.
The lateral structural damping factor in terms of viscous damping was determined from the tire displacement time-history plots. Bias-ply structural damping factor values range from 0.092 to 0.176, and the radial-belted tire values range from 0.062 to 0.14. The lower damping values of the radial-belted tire indicate that there is less structural damping under these loading conditions. Energy loss. The dynamic lateral energy loss per cycle for each tire was calculated. The bias-ply tire has a calculated energy loss of 217 in-lb and the radial-belted tire has an energy loss per cycle of 175 in-lb, both at 25 000 lb of vertical load. Again, this result suggests that the radial-belted tire should be a cooler operating tire than the comparable bias-ply tire.
Free-Vibration Combined Vertical Fore-and-Aft Load Tests
Results from the free-vibration combined vertical fore-and-aft load tests for each tire design are presented in this section. Fore-and-aft spring rate, damping factor, and energy loss values were obtained from the displacement time-history plots generated from free-vibration tests.
Time-history plots. Ten displacement time-history plots and 10 acceleration time-history plots were generated for each tire at two different tire positions. A specified vertical load was applied to the tire and then a braking load of 3000 lb was applied and released. These tests were conducted at vertical loads from 5000 lb to 25000 lb in 5000-lb increments.
Typical displacement time-history and acceleration time-history plots for the bias-ply and the radial-belted tires at 25000-lb vertical load are shown in figure 25 . The time-history plots show that the system is underdamped and is decaying exponentially. As in the dynamic lateral load tests, the displacement time-history plots exhibit a shift in the equilibrium level that is attributed to tire creep.
The maximum bias-ply tire displacement amplitude is 0.14 in. and the maximum acceleration is 2.0g. The frequency of vibration decreases from 13 Hz to 9 Hz as the vertical load decreases and indicates that the frequency is sensitive to variations in vertical load. The maximum radial-belted tire displacement is 0.16 in. and the maximum acceleration is 2.0g. The frequency of vibration decreases from 10 Hz to 7 Hz as the vertical load decreases.
Both tires have similar acceleration and frequency characteristics. The increase in radial-belted tire footprint displacement suggests a more elastic tire than the biasply tire under braking conditions. This increase in radialbelted tire elasticity could adversely affect the operation of an antiskid braking system designed for the less elastic bias-ply tire.
Spring rate. The fore-and-aft spring-rate values for each tire design are plotted as a function of the vertical load in figure 26 . In general, the spring rate increases as vertical load increases for each tire design, and both tires show nonlinear spring-rate characteristics. The biasply tire has higher spring-rate values that range from 9201 lb/in. to 20610 lb/in. for the same vertical loads as the radial-belted tire. The radial-belted tire spring-rate values range from 5921 lb/in. to 11 025 lb/in. The springrate values of the radial-belted tire are 36 to 47 percent lower than those of the bias-ply tire, and these lower spring rate values may have an adverse affect on the antiskid braking system performance when this radial-belted tire is used.
Damping factor. Viscous damping factors were determined from the tire displacement amplitudes of the time-history plots. The damping factors, as a function of vertical load for each tire, are shown in figure 27 . As the vertical load increases, the viscous damping factor decreases for both tire designs. The bias-ply tire has higher viscous damping factors, ranging from 0.086 to 0.127, than those of the radial-belted tire, which range from 0.064 to 0.106. Structural damping in terms of viscous damping yields bias-ply tire values of 0.172 to 0.254 and radial-belted tire values of 0.128 and 0.212. Up to 26 percent more structural and viscous damping occurred in the bias-ply tire during these free-vibration tests.
Energy loss. The dynamic energy loss associated with hysteresis for each tire is calculated from the tire structural damping factor, the spring rate, and the maximum displacement amplitude. The bias-ply tire has a calculated energy loss of 204 in-lb; the radial-belted tire has an energy loss per cycle of 136 in-lb. These data suggest that the radial-belted tire generates less heat during the free-vibration tests, which should result in a lower operating temperature for this tire. Tires with lower operating temperatures tend to have less wear during normal braking operations.
Quasi-Static and Free-Vibration Lateral Load Data Comparison
A comparison of the quasi-static and free-vibration lateral load data for each tire design is presented in this section. Since the quasi-static tests were only conducted at the rated vertical load of 25000 lb, the comparison with the dynamic data was only at this vertical load. Table 5 presents the quasi-static and dynamic lateral load tire properties.
Spring rate. The bias-ply and the radial-belted tires exhibit very similar stiffness values in the quasi-static and dynamic data. The bias-ply quasi-static spring rate is 7214 lb/in. as compared with 5674 lb/in. for the radialbelted tire. The dynamic spring rates are 7585 lb/in. for the bias-ply tire and 6676 lb/in. for the radial-belted tire. The bias-ply tire has higher stiffness values than the radial-belted tire under both loading conditions because of its stiffer carcass. The increased stiffness values under free-vibration tests for the tires that were tested may be attributed to the viscoelastic nature of the tire material.
In the quasi-static tests, the stiffness of the radialbelted tire is 21 percent lower than that of the comparable bias-ply tire. However, the free-vibration tests give a more realistic view of what to expect under actual operating conditions, and in this case the radial-belted tire exhibits stiffness values that are 12 percent lower than those of the bias-ply tire. Although the radial-belted tire still exhibits lower lateral stiffness characteristics under free-vibration testing conditions, this 12-percent difference is encouraging, given the concerns in the aircraft tire industry about the lateral force capabilities of the radial-belted tire.
Damping factor. The calculated quasi-static structural damping factors in terms of viscous damping are 0.044 and 0.038 for the bias-ply and radial-belted tires, respectively. The viscous damping factor for the freevibration test is 0.047 for the bias-ply tire and 0.031 for the radial-belted tire. The damping factor values are similar under both test conditions for both tire types.
Energy loss. The calculated quasi-static energy loss for the bias-ply and radial-belted tires are similar: 319 in-lb and 339 in-lb, respectively. For the freevibration tests, the computed energy loss is 217 in-lb for the bias-ply tire and 175 in-lb for the radial-belted tire. The energy loss values in the free-vibration case were lower than those calculated under static testing conditions (32 percent for the bias-ply tire and 48 percent for the radial-belted tire). The quasi-static test conditions produced more tire hysteresis than the free-vibration test conditions produced.
Quasi-Static and Free-Vibration Fore-and-Aft Load Data Comparison
A comparison of the quasi-static and free-vibration fore-and-aft load data for each tire design is presented in this section. Since the quasi-static data were gathered only at the rated vertical load of 25000 lb, the comparison with the dynamic data was conducted only at this vertical load. Table 6 presents both quasi-static and dynamic fore-and-aft load data.
Spring rate. The quasi-static spring-rate values are 16145 lb/in. and 9394 lb/in. for the bias-ply and the radial-belted tires, respectively. The spring rates for the free-vibration tests are 20601 lb/in. and 11025 lb/in. for the bias-ply and the radial-belted tires, respectively. The results show that both tires are stiffer during fore-and-aft free-vibration tests than during quasi-static tests; the increased stiffness may be partly attributed to the viscoelastic nature of the tires.
Damping factor. The calculated quasi-static structural damping factors in terms of viscous damping are 0.055 and 0.036 for the bias-ply and the radial-belted tires, respectively. The viscous damping factor for the free-vibration tests is 0.086 for the bias-ply tire and 0.064 for the radial-belted tire. The quasi-static tests resulted in lower structural damping factors, in terms of viscous damping, than the free-vibration tests viscous damping factors. These data suggest that possibly some viscous damping, as well as the assumed structural damping, occurs under free-vibration testing conditions. Energy loss. The calculated quasi-static energy loss for the bias-ply and the radial-belted tires is 222 in-lb and 128 in-lb, respectively. For the free-vibration tests, the computed energy loss is 204 in-lb for the bias-ply tire and 135 in-lb for the radial-belted tire. The bias-ply tire's calculated quasi-static energy loss is 9 percent higher than its dynamic energy loss. The calculated quasi-static energy loss for the radial-belted tire is 5 percent lower than its dynamic energy loss. These differences between the quasi-static and dynamic energy loss measurements for each tire are small and indicate that the tires have similar hysteretic characteristics under both testing conditions.
Footprint Geometrical Properties
Footprint geometrical properties help predict tire hydroplaning characteristics. Results from tire footprint measurements for each tire design are presented in this section.
Tire footprints were obtained for each tire under various vertical loads. Geometric parameters such as footprint area, length, and width were measured from the resulting footprint silhouettes. A plot of net footprint area as a function of vertical load is shown in figure 28 . The bias-ply tire has a greater footprint area than the radialbelted tire for the same vertical loads. This larger footprint area is also evident in the tire footprint silhouettes that are shown in figure 29 and that were taken at a maximum rated load of 25000 lb. The bias-ply tire has a more rectangular footprint, and the radial-belted tire has a more oval footprint. At 245 psi, the predicted hydroplaning speed of the bias-ply tire is 141 knots; the predicted hydroplaning speed of the radial-belted tire at 310 psi is 159 knots (ref. 41 ). However, the increased hydroplaning speed for the radial-belted tire at the higher inflation pressure may not be realized because of adverse effects associated with the aspect ratio (height-to-width ratio of the tire footprint) of the nearly circular footprint of the radial-belted tire (ref. 42 ). In general, these tests suggest that the bias-ply tire may perform more favorably under wet runway conditions.
Moment-of-Inertia Properties
Inertia properties of tires help to define the tire's spin-up characteristics during touchdown. Moment-ofinertia tests were conducted for both tire designs and the results are presented.
The mass moment of inertia for each tire design and the tare inertia for the two pendulum plates were calculated. The moment of inertia is 4.35 in-lb-sec 2 for the plates, 31.5 in-lb-sec 2 for the bias-ply tire, and 27.7 in-lb-sec 2 for the radial-belted tire. The moment of inertia of the radial-belted tire is 12 percent lower than that of the bias-ply tire. This difference implies that the radial-belted tire would require slightly less energy to spin up during the landing touchdown than the bias-ply tire would. Less energy needed in the spin-up portion of a touchdown could mean reduced tread wear during high-speed landings.
Concluding Remarks
An investigation at the Langley Research Center was conducted to determine, evaluate, and compare certain quasi-static and dynamic mechanical properties of the U.S. Air Force F-4 military fighter 30×11.5-14.5/26PR bias-ply and radial-belted main gear tires that define their performance during taxi, takeoff, and landing operations and to define the suitability of the radial-belted tire as a replacement for the bias-ply aircraft tire. These properties were obtained from quasi-static vertical, lateral, and fore-and-aft load-deflection data; lateral and fore-and-aft free-vibration time-history plots; tire footprint measurements; and moment-of-inertia tests. Three damping models: viscous, structural, and Coulomb friction were presented that gave an insight into the type of damping that occurs under both quasi-static and free-vibration test conditions.
The results of this investigation indicate the following observations:
1. In general, the radial-belted tire has vertical load characteristics that are similar to those of the conventional bias-ply tire. However, significant differences are observed between the bias-ply and the radial-belted tires' lateral and fore-and-aft load characteristics.
2. Vertical load-deflection characteristics obtained for the radial-belted and the bias-ply tires for the given load range are similar. Under lateral and fore-and-aft load conditions, the radial-belted tire has greater footprint displacements. This radial-belted tire has a more circular footprint and less tread in contact with the surface than its bias-ply tire counterpart.
3. Vertical stiffness characteristics obtained for the radial-belted and bias-ply tires are similar for the given load range considered in this study. Radialbelted stiffness values are lower under quasi-static and dynamic lateral and fore-and-aft testing conditions. Test results indicate that both tire designs are stiffer during free-vibration tests than during quasi-static tests.
4. Energy loss associated with hysteresis of the radialbelted tire is less than that of the bias-ply tire under vertical and fore-and-aft quasi-static test conditions, as well as under lateral and fore-and-aft free-vibration test conditions. Damping characteristics are similar for both tires under quasi-static lateral loads.
Quasi-static tests resulted in lower damping at the rated vertical load of 25000 lb than the free-vibration tests had at that load. The radial-belted tire has lower moment of inertia values than the bias-ply tire.
The following conclusions are made from the above observations:
1. Similar vertical load stiffness characteristics between the two tire designs imply that there should be no impact on strut valving, on the loads transmitted to the airframe, and on the landing dynamics for aircraft equipped with this radial-belted tire under normal operating conditions.
2. Lateral and fore-and-aft stiffness properties of this radial-belted tire may result in an increase in tire shimmy and may affect the performance of an antiskid braking system "tuned" for bias-ply tires. The increased overall stiffness properties of the two tire designs during free-vibration tests, compared with the quasi-static tests, may be attributed in part to the viscoelastic nature of the tires. Footprint geometrical properties of the radial-belted tire suggest that it might be more sensitive to hydroplaning conditions than its bias-ply tire counterpart.
3. The energy loss measured for the radial-belted tire suggests that lower operating temperatures during normal ground and braking operations may lead to improved tire durability. The lower temperatures of the radial-belted tire could allow for shorter aircraft turnaround time and less tread wear. Similar temperature profiles may occur during cornering maneuvers. A comparison of the higher damping factors under fore-and-aft free-vibration tests with quasi-static tests for both tire designs suggests that some viscous damping is present, as well as the assumed structural damping. Moment-of-inertia tests indicate that the radialbelted tire requires less energy to spin up during touchdown, and that less energy may result in reduced tread wear and reduced heating during high-speed landings. 
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